The principle of the operation and the basic features of shock-wave MHD generators are described. Such generators may serve as topping devices to closed-cycle gas turbines, giving the possibility of using heat source temperatures of a few hundred degrees in excess to the inlet temperatures to the gas turbines. Cycle efficiencies and specific power ratings can be increased considerably by means of such topping devices.
INTRODUCTION
In conventional MHD-generators, the power density is essentially proportional to a u 2 B 2 (a = conductivity, u = particle velocity, B = magnetic induction). Whence for a given initial stagnation enthalpy of the as and a given magnetic induction B, the power density becomes greatest if 0u2 reaches a maximum. The desirable effects of a large velocity u evidently will sooner or later be compensated by a rapidly decreasing electrical conductivity a (decreasing temperature). In short, there are upper limits to the maximum power density. This is mainly why some time ago the use of a shock wave, rather than a steady flow, has been proposed as a possible means for direct conversion of the enthalpy of a gas to electric energy (1) . In a shock wave, a as well as u will be increased if the intensity (Mach number) of the shock is increased. Naturally for an efficient energy conversion, the shock wave Mach numbers of interest have to be roderate, e.g. below 2, otherwise the compression losses across the shock become detrimental.
It is possible to heat and accelerate a gas by means of shock waves. These shock waves can be produced for example in a gas enclosed in a tube, by means of a rapidly moving piston. In this system, the piston would do the compression work which manifests itself in a pressure and temperature rise and an acceleration of the gas between the piston and the shock-wave front. Instead of a piston, one could also use a second gas of higher total pressure than the driven gas, which, when suddenly injected into the tube, acts in the same way as the piston. The temperature, pressure and velocity of the driven gas increase in line with the intensity of the "piston action", i.e. with the increasing Mach number of the shock waves.
This phenomenon is exploited in the following manner in the BATTELLE shock-wave generator :
Shock waves are produced periodically in a noble gas seeded with alkali vapour at about 1500°K. As a result, the temperature in the hot zones rises cyclically to approx. 2500°F. If these hot, rapidly displaced zones of the driven gas are exposed to a magnetic field, electrical impulses are generated. By combining a number of tubes, the system is able to directly generate multi-phase alternating current. The use of intermitten flows (shock waves) consequently has inter alia the following advantages :
the walls of the tubes are not constantly exposed to high gas temperatures;
ionization is possible without resorting to nonequilibrium effects, although the temperatures of the heat source do not exceed 1500°F;
high-pressure gas is required for the generation of the shock waves, and this is extremely valuable in thermodynamic cycles of high power density. For the production of the periodic shock waves, a special distribution mechanism is required which alternately connects the high pressure gas from the heat source to the shock tube, -closes -, connects the shock tube to the low-pressure gas side for discharge, -closes -, and then recommences the cycle (see Figure 1 ). Since this distributor receives both hot and cooler, low-pressure gas, it is possible to keep its mean temperature considerably lower than that of the heat source (1500°K).
In a closed circuit system, the shock-wave MHD generator would always be combined with gas turbines. Ideally, the total effective output that the circuit releases in the form of alternating current will be produced by the MHD generator, and the turbines will merely have to drive the compressors.
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FIG. 1 SCHEMATIC LAYOUT OF SYSTEM
Consequently, this generator does not compete with the gas turbine, rather it acts as a complement. In this way, the circuit can be designed to match the latest achievements in gas turbine development, so that the turbines with their high intrinsic efficiency can be optimally exploited.
The combination of MHD generator and gas turbines allows a higher efficiency than that of the pure gas turbine circuit. This efficiency rises as the maximum temperature of the heat source is increased in comparison with the gas turbine inlet temperature and as the intrinsic efficiency of the MHD generator is increased.
CURRENT SITUATION IN THE DEVELOPMENT OF THE SHOCK-WAVE-MHD GENERATOR
The first studies date back to 1963. They were aimed at investigating the interaction of a single shock wave with an MHD generator, and made use of an experimental shock tube set-up. Using this set-up, the feasibility of the process was demonstrated very successfully; in particular, it seems possible to achieve the desired MHD interaction at temperatures of less than 1500°K. At the same time considerable experience was gained in the field of measuring techniques.
The whole plant is unconventional since all the important functional components, including the measurement probes, have to be heated to very high temperatures (1500°C). A large part of our efforts so far have been directed at bringing the plant to a stage of safe operation, inclusive of all auxiliary installations, such as, for example, the potassium seeding oven, the shock tube heating, the magnet with energy supply system, etc.
More than 30 successful experimental tests of the interaction of the hot and ionized gas behind the travelling shock-wave with the magnetic field have been performed. In the individual tests, the external load resistance applied between the electrodes, the preheat temperature, the seeding rate and the shockwave intensity have been varied, giving a rather complete picture of the interaction taking place.
The results obtained matched well with the theoretical predictions of the unsteady-state flow analysis and the essential data have been discussed in former publications (2, 3) .
THE HEAT SOURCE
The original work on the MHD Shock Tube Generator focused mainly on closed-cycle systems, using a high temperature gas cooled reactor (HTGR) as a heat source. At that time it was expected that such reactors could deliver gas with exit temperatures a few hundred degrees Celsius in excess of admissible inlet temperatures to stationary gas turbines. Nowadays, the prospect of developing in the near future such HTGR's with outlet temperatures in excess of 1400°K seems rather unlikely.
However, the proposed system may equally be used in open-cycle systems using hot combustion gases. The following advantages may be expected from such applications of MHD shock-wave generator systems in open cycles as compared to steady flow systems :
the expansion of combustion gas in the 1500 to 18000 K temperature region may already allow the generation of MHD-power. This means that no significant preheat of the air, and no oxygen enrichment would be required; -no high temperature heat exchanger would be necessary, and the very high temperature zone would be confined in the resonance tube;
the prospect of reaching higher temperatures during short periods of time provides the possibility of obtaining higher power densities;
alternating current could directly be produced;
the seed material can directly be injected into the resonance tube and the make-up would he only about 20% of the seed-material otherwise used;
the MHD-generator would be exposed to a considerably reduced amount of solid particles as compared to steady-flow generators, thus reducing the slagging problem on the generator walls.
MHD TOPPING OF CLOSED-CYCLE GAS TURBINE POWER PLANTS
Parametric performance studies have been carried out on Brayton cycles (Ackeret-Keller cycles) using an MHD generator as a topping device to the expansion in the gas turbine. Different cycle arrangements have been considered, with the expansion in the MHD generator in a closed cycle as well as in an open cycle (see Figure 2 ).
FIG. 2 COMBINED MHD AND GAS TURBINE CLOSED CYCLES
The study assumed a given state of development for the gas turbine and the inlet temperature T2 has been fixed at 1200°K. Other parameters characteristic for the closed gas turbine cycle, as e.g. temperature difference in the recuperator, cycle pressure drop, number of intermediate cooling stages for the gas compression have been varied for determining the basic gas turbine cycle performance. (Basic gas turbine cycle = no expansion in the MHD section.)
For each set of parameters, the increase in cycle efficiency has been calculated for the MHD topping cycle, as a function of the MHD inlet temperature T 1 and using the isentropic expansion efficiency in the MHD generator as a parameter. This allowed to determine the expected increase in cycle efficiency for the topping device. The plot of the increase in cycle efficiency is largely independent of the assumptions made for the basic gas turbine cycle and can be represented in a generalized diagram given in Fig. 3 
F1G.3 INCREASE IN CYCLE EFFICIENCY OF COMBINED MHD AND GAS TURBINE POWER PLANTS AS A F(AVCTION OF T1 AN nMHD
This representation leads readily to the following observations :
in the discussed Brayton cycle it becomes mandatory that the isentropic expansion efficiency in the MHD section lies above 70% in order to show any advantage over the gas turbine cycle with an inlet temperature of T2 = 1200°K;
for an assumed isentropic expansion efficiency of 75% (independent of gas temperature), an increase of the inlet temperature from 1200°K to 1500°K provides an increase of about 5% in the cycle efficiency. At the same time, the specific power rate per unit mass flow rate increases by 50%. A further increase from 1500°K to 1800°K provides an additional gain of about 2.5% and a further increase in the specific power rate of 30%.
From such cycle calculations, which are based on fixed isentropic expansion efficiencies in the MHD generator section, it can be concluded that a strong incentive exists to increase the inlet temperature T 1 for the MHD generator from 1200°K to 1500°K. Any further increase in the maximum temperature yields only moderate increase in cycle efficiency.
In the presented analysis it was supposed that the isentropic expansion efficiency is independent of the gas inlet temperature to the MHD section. This may only hold true for showk-wave systems, where the actual gas temperature in the MHD generator channel is much higher than the inlet temperature to the resonance tube. Steady flow MHD generators would require far higher inlet temperatures than those assumed in the present calculations and it would become mandatory to use additional heat regenerators for recuperating the high temperature heat at the exit of the MHD duct (in excess of 1800°K).
VIEW OF THE FUTURE DEVELOPMENTS TO BE UNDERTAKEN ON THE MHD SHOCK-WAVE GENERATOR
The cycle performance studies demonstrated very clearly the crucial importance of obtaining high isentropic expansion efficiencies of the plasma gas in the MHD generator. Any future study should therefore aim at assessing more precisely the obtainable expansion efficiencies.
Qualitatively, one may expect to obtain rather high expansion efficiencies with the proposed system, since the driving gas, acting essentially as a piston upon the plasma gas trapped in the resonance tube system, undergoes a transformation near to reversible conditions in the inlet and outlet valve system. The efficiency loss due to Joule heating mainly increases the temperature of the trapped gas which is heated to higher temperatures than the plasma in a continuous flow MHD system. The electrical conductivity of the trapped gas is therefore increased, and, at a given outer resistance, the generator coefficient equally increased.
In order to enter deeper into the question of expansion efficiency and maximum possible power extraction, it is necessary to carry out a study on the periodic operation of such shock tubes. This would at the same time fix the conditions to be imposed on the inlet and outlet valving systems.
To this end, studies on simplified periodic gas cycles in the shock tubes have been performed which confirmed the basic hypothesis of the calculations made.
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As a next stage in the development, complete periodic cycle calculations will have to be performed.
Consecutive studies should then aim at determining most appropriate inlet and outlet valve systems, possibilities of cooling the resonance tube walls and generator elements, and to define a complete experimental study in view of assessing the performance of a periodically operating system.
